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Abstract

Water pollution by chromate emissions or leachates, especially from ferrochrome mining and
the downstream processing industries, is prevalent and pervasive, and requires selective,
ultra-sensitive, rapid, and low-cost methods for routine detection and quantification. Herein,
we report the enhanced absorption and fluorescence methods for the quantitative analysis
of chromium(VI) ions using avocado seed-derived carbon quantum dots as pseudo-
derivatising reagents. Sulfur- and nitrogen-doped green carbon dots (S, N-CDs) were
hydrothermally synthesised from an avocado seed powder extract and were characterised
using TEM, SEM-EDX, FT-IR, and XPS. The S, N-CDs selectively detect Cr(VI) by the enhanced

absorption at Cr(VI)’s charge transfer band at 375 nm as well as fluorescence quenching at

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

420 nm. Both modes were used for nanomolar detection of the latter in the presence of other

metal ions at a 100-fold higher concentration. Mn(VIl) ions strongly interfere with the Cr(VI)
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responses. At pH 9, the enhanced absorption method showed a linear correlation with the

[Cr(V1)] range of 0.5 - 1500 ppb, yielding estimated LOD and LOQ values of 0.14 ppb and 0.49

(cc)

ppb, respectively. The quenching of the S, N-CDs fluorescence linearly varied with the [Cr(VI)]
in the 20 - 1500 ppb concentration range, giving estimated LOD and LOQ of 5.9 and 25 ppb.
Both methods showed good recovery (89 - 99 %) for ppb levels of Cr(VI) spiked in river water
samples. They could detect Cr(VI) in a contaminated laboratory waste (positive control) with
good comparability and accuracy compared to the ICP-OES result. Thus, these two methods,
employing the S, N-FCDs derived from avocado seeds as pseudo-sensing reagents, can be
used for the quantitative detection of Cr(VI) ions at ppb levels, surpassing conventional

calorimetric detection of Cr(VI) after a derivatising step.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04174k

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Keywords: Carbon quantum dots, Green carbon nanomaterials, Enhanced absorptit

Fluorescence quenching, Chromium(VI), quantitative analysis.

Corresponding authors*: mambanda@ukzn.ac.za; Booyseni@ukzn.ac.za

Introduction

The pollution of water resources with heavy metal ions is a global threat to the ecological
balance of microorganisms and microflora.! Urban water resources and aquatic ecosystems
are more susceptible to heavy metal pollution from human-related activities, including
mining, mineral processing, effluent spillage and discharges, metal application and handling
industries, and leaching from landfills that receive metal-contaminated solid waste. One of
the class of heavy metal compounds/complexes that commonly contaminates water
resources are the chromates (Cr(VI) species). Chromates are non-essential, highly water-
soluble, and potent oxidising agents.? 3 They damage cells and impair the function of proteins.
Chronic exposure to chromates leads to carcinogenic and mutagenic effects in animals and

humans.?

In South Africa, the demand for clean water has surpassed supply, particularly in urban areas.
This has led to limited access characterised by a scarcity of clean and potable water. There
are growing concerns that a significant amount of effluent and emissions laden with heavy
metals are released into the urban environment and ultimately into the aquatic
environments, which often serve as sources of freshwater for domestic and industrial
purposes. South Africa is endowed with ferrochrome (FeCrO,) reserves.>® However, the
mining and mineral processing of FeCrO, present an environmental pollution challenge,
especially in the vicinity. Seasonal survey studies of Cr(VI) in surface and underground water
samples collected in South Africa’s Bushveld Mineral Complex (Rustenburg area) revealed
widespread Cr(VI) contamination of groundwaters at some sites. However, concentration
levels in surface waters were generally low.>® Besides the ferrochrome value-added
processes, other sources of concern regarding chromate pollution include chromium plating,

leather tanning, paints, dyes, explosives, ceramics, and paper manufacturing.

Given the potential contamination of surface and groundwater sources by chromates, the

continued development of more sensitive, cost-effective, and sustainable analytical methods
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for the regular monitoring of Cr(VI1) in air, soil, sediment, and water samples is, necessatyuno i
Furthermore, the contamination and prevalence of Cr(VI) ions in urban trade waste and the
hydrological basin and impoundments are pervasive, necessitating innovative, cost-effective,
and reliable analytical methods for regular monitoring of these toxic ions. However, the
current quantitative methods for Cr(VI) analysis, including atomic absorption spectroscopy
(AAS), inductively coupled plasma-optical emission spectroscopy (ICP-OES), and inductively
coupled plasma mass spectroscopy (ICP-MS), are expensive to acquire and limited to
established analytical laboratories. In contrast, optical-based methods (calorimetric
absorption or molecular fluorescence) are relatively lower-cost, easier to use, and suited for
real-time detection, making them sensitive enough to detect and quantify ultra-trace
amounts of Cr(VI) in water resources.'%'* Moreover, USEPA set the calorimetric method
based on the pre-derivatizing of Cr(VI) ions with 1,5-diphenyl carbazide as the reference
method (EPA Ref No. 7196A, 1992) for the detection and quantitative analysis of Cr(VI) in
water in the USA.1> 16 However, the detection limits are typically in the sub-ppm range with a
narrower linear range of 0.5 - 50 mg/L (ppm). Similar absorption methods for Cr(VI), including
the direct absorption method, have been reported in the literature.'> 6 However, poor
sensitivity and linear concentration ranges, as alluded to in the USEPA method, limit their

versatility in ultra-trace analysis of Cr(VI).

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The development of more sensitive optical methods for Cr(VI) and other metal ions,'7-%%,

which utilise carbon nanomaterials, such as carbon quantum dots (CQDs), as fluorometric
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reagents, has taken centre stage. CDs are quasi-spherical carbon nanomaterials (with a size

(cc)

typically £ 10 nm) containing sub-nano domains comprising graphitic (sp? carbons) core
domains and defect regions characterised by sp3-hybridised carbons. They are endowed with
different functional groups containing heteroatoms. These functional groups are typically
located on the surfaces of the dots or at the edges of the graphitic planes of the carbon dots.
CDs are highly water-soluble. They influence interactions with specific analytes, thereby
affecting selectivity and sensitivity in the detection of these analytes.?>26 CDs emit an intense
wavelength-dependent characteristic radiation when excited by ultraviolet-visible radiation.
The emission of these fluorescence carbon dots (FCDs) depends on the size of the CDs and
dopants (N, S, P, B, etc.), excitation wavelength, and other factors. Due to their tunable

properties of CDs, they have found widespread use in biomedical applications (cell imaging,
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drug delivery, phototherapy), photocatalysts, electrocatalysis, and, impostantly,s @S i

fluorometric sensing probes for heavy metals and organic pollutants.% 27-29

Itis well known that the quasi-binding of the heavy metal ions, such as Cr(VI) or small organics,
onto the surface functional groups of the FCDs quenches (turns off) their emission. The
guenching is correlated to the metal ion concentration. Hence, it has been used for the
guantitative determination of metal ions via the Stern-Volmer linear calibration protocol. For
example, quantitative fluorescence quenching methods for Cr(VI) have been reported with
improved specificity and sensitivity.3% 31 FCDs have also been used as ‘turn on’ sensing
reagents for the fluorometric detection of metals and the quantitative analysis of Cr(VI), as

well as subsequently ascorbic acid.3?

The quantitative determination of Cr(VI) by the fluorescence quenching methods has shifted
towards using sustainable-derived FCDs. The production of carbon nanomaterials
incorporates the principles of green chemistry or upcycling of plant- and animal-based
materials (biomass). Various biomass sources have been used to afford surface-passivated
FCDs for detecting metal ions such as Cr(VI),33® Fe(Ill),3* Hg(Il).3> Utilising non-edible
components of fruits, such as Persea Americana Mill (Avocado) seeds, is a sustainable
approach to waste utilisation, potentially vyielding high-value materials or spin-off
technologies and innovations. Avocado seeds are a degradable biomass; they are inedible to
humans and animals, and hence, they are discarded into the environment, increasing the
amount of organic matter in the aquatic environment and the demand for dissolved oxygen.
The seeds contain several bioactive compounds, such as carbohydrates, hydroxylated
minerals, carbonyl lipids, and a diverse range of phytochemicals (bio-reductants) such as
tannins, polyphenols, polyflavonoids, etc. These natural compounds can be utilised in the

bottom-up synthesis of CDs as sustainable analytical reagents for sensing applications.36-38

While the use of FCDs as fluorescence quenching reagents for the quantitative analysis of
metal ions is extensively studied,3? 3°-4¢ not much has been reported on them as reagents for
sensing metal ions in the enhanced absorption mode. Only recently have CD-based absorptive
detection methods have recently been reported for quantitative analysis of Cr(VI1),*” Cu(l1)*®
43, Pb(11),3* Ag(1),>° and Co(Il),*® >1 respectively. These studies do not sufficiently demonstrate
the origin of the enhanced absorption and utilise CDs synthesised from non-sustainable and
expensive synthetic chemicals as carbon sources, compared to the upcycling of avocado seed

4
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(a plant waste) that has been utilised in this study. Pizzoferrato and co-workers*” used NGB8 55000
derived from the oxidative etching of synthetic fullerene (Ceo), stabilised in water/THF basic
solutions, for the calorimetric detection and quantitative analysis of Cr(VI). The calibration
data exhibited a linear range with 1 - 100 uM and a LOD value of 300 nM (15.6 ppb). A dual-
mode UV-Visible and fluorescence quenching method for the quantitative analysis of Pb(ll)
developed by Yarur et al., exhibited a linear range of 1 - 961 nM (0.05 - 50 uM) for the
absorption mode and a detection limit of 37.1 nM (7.69 ppb) for Pb(ll).3* In a similar
approach, the dual mode analysis of Co(ll) was sensed by both methods with a linear range

of 0- 200 uM, and the LODs were 100.2 nM and 750 nM, respectively

In this work, we synthesised sulfur and nitrogen-doped fluorescence carbon dots (S, N-FCDs)
using a one-pot hydrothermal synthesis method derived from avocado seeds, making these
carbon nanomaterials eco-friendly as advocated in the UN’s Sustainable Development Goal
17. In the newly developed UV-Visible enhanced absorption and fluorescence quenching
methods, the S, N-FCDs were utilised as pseudo-derivatising reagents for detecting and
guantitatively analysing trace levels of Cr(VI) (with sub-ppb LODs). This allowed us to compare
the analytical performances of the two new methods towards the quantitative analysis of
Cr(VI). Furthermore, their accuracy in studying Cr(VI) ions in spiked river water and control

positive samples was cross-validated with the results of the ICP-OES.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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2.1 Materials and reagents.

The semi-ripe “Hass” avocado, P. Americana’s fruit, was purchased from a retail grocery in
Scottsville, Pietermaritzburg, KwaZulu-Natal, South Africa, and stored in a refrigerator until it
was cut open to remove the seeds. All chemicals, solvents, and consumables were purchased
from Merck-Sigma Aldrich and used without further purification. Analytical grade reagents
such as thiosemicarbazide, NaOH, K,Cr,0;, NaCl, MgS0O,;, CuSO4, H,SO4, PbCl,, KCl,
AI(NO3)3.9H,0, HgCl,, CrCl3.6H,0 and KMnO4 were used; ultrapure water was utilized in all

general experiments.

2.2 Synthetic Procedures
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2.2.1 Hydrothermal Synthesis of sulfur, nitrogen-doped carbon dots (S, N-CDs), fromis
avocado seed powder (ASP).

The preparation of the avocado seed powder (ASP) is described in the supplementary
information section (SI 1). A mass of 5.000 g of ASP was accurately weighed and dispersed in
15 mL of a 1:4 EtOH: H,0 solution and refluxed for 12 h at 60 °C. Afterwards, the solution was
subjected to sequential centrifugation and sonication at 6000 rpm for 5 and 10 minutes,
respectively. The supernatants containing the avocado seed extract were combined, and the
pellets were further suspended in 2 mL of solvent. The mixture was then sonicated and
centrifuged for 5 minutes. The process was repeated thrice, and the combined extracts’
volume was adjusted to 25.00 mL. The extract was labeled as 20% (w/v) ASP extract and was
used to synthesise the S, N-CDs. To 10.00 mL of the ASP extract, 40.00 mg of
thiosemicarbazide was added (as a doping source of sulfur and nitrogen (S, N) atoms). The
mixture was preheated for 2 h at 60 °C, cooled, and the pH was adjusted to 2 using 9 M H,S0,.
The mixture was transferred into a 50 mL Teflon-lined hydrothermal steel autoclave
microreactor. The reactor body was heated in an oven at 180 °C for 6 h. A dark lavender-
orange crude solution and a settleable brownish precipitate or colloids at the base were
obtained. The supernatant was transferred; colloids were washed twice with the 2 x 2.0 mL
1:4 EtOH: H,0 aliquots, and the washes were combined with the supernatant. The combined
supernatants were purified through three sequential ultra-centrifugation, filtration, and wash
steps. Centrifugation was at 12,000 rpm for 15 minutes, followed by micro-filtration through
0.22 um Millipore filters. The purified N-FCDs were yellowish under normal light and

remained stable as a 1:4 EtOH: H,O homogeneous solution.

To remove the solvent (water/EtOH), an aliquot of the S, N-FCDs solution was freeze-dried six
times in liquid nitrogen at 30-minute intervals, aided by a high vacuum pumping system. At
each step, a few drops of warm water were added to induce sublimation, leaving behind a
dark orange-brown paste. The residue was scraped off and dried over a flowing stream of
nitrogen in the fume hood for a week. Afterwards, it was ground in a pestle and mortar to
obtain an orange-brown powder of the S, N-FCDs. The synthetic steps are illustrated in
Scheme 1. Thereafter, the powder was examined using TEM, SEM-EDX, FT-IR, PXRD, XPS, and

a zeta potential analyser.
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; 180°C, 6h
Avocado seed
g powder (ASP)

Black-brown
S,N-CDs

(A

S, N-FCDs

Scheme 1. The hydrothermal synthesis of S, N-CDs from avocado seed powder (ASP) for 6 h at
180 °C, where (i) is the pulverization of diced avocado seeds into powder and drying for 6 h at
70 °C; (ii) is the ASP extraction with 1:4 EtOH/water at reflux for 12 h followed by S, N-atom
doping with thiosemicarbazide; (iii) is the hydrothermal synthesis of CDs from an ASP extract
(placed in an oven-heated Teflon-lined micro steel reactor) for 6 h at 180 °C. The pH had been
adjusted to ca. 2 (9 M H,S0.); (iv) is the cooling of the as-synthesised mixture to obtain an air-

stable and concentrated brown-black S, N-CDs solution, and (v) & (vi) are the sequential and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

repeated (N=5) ultracentrifugation-sub-micromembrane filtration (0.22 um) steps.
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2.3 Instrumentation for the characterisation of the S, N-CDs.

A Warring blender was used to grind the avocado seed into powder. A Lasec (Compact MDL
Z206A, 6,000 rpm) and a centrifuge PLC series (12,000 rpm) were used for sequential
sedimentation to attain S, N-CDs of a reduced size range and better optical purity. The S, N-
CD powder was drop-cast onto a gold-coated copper grid, and the size and shape of the S, N-
CDs were visualised and measured using a JEOL JEM-1400 Transmission electron microscope
(TEM) with an 80 kV electron beam source. The sizes of the S, N-CDs were measured using
Imagel software. The N, S-CD ink was also spotted onto a gold-coated copper grid, and surface
morphology, dispersibility, as well as elemental composition, were measured and visualized

on a Quorum Q150R ES (SEM-EDX) Scanning Electron microscope-energy dispersive X-ray
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spectrometer. A Nano Series Zetasizer ZS (Malvern Panalytical) with an onboafrd, ZgtasiZer,
software was used to measure the zeta potential () of the S, N-CDs before and after mixing
Cr(VI). A Nano Flash fluorescence spectrometer (Photon Technology International (PTI)) with
an onboard Felix32 software was used to record and evaluate the photoluminescence of the
S, N-CDs. A Rigaku Miniflex 600 diffractometer was used to acquire the Powder X-ray
diffraction spectrum of the S, N-CDs. The survey and deconvoluted X-ray photon spectra (XPS)
were recorded and evaluated on the Thermo ESCALabXi (X-ray energy = 1486.7 eV, power =
300 W, spot size = 900 um, 10® mBar) at the National Metrology Institute of South Africa
(NMISA). The frequency vibrational band and the functional groups of the S, N-CDs were
measured on the Bruker Alpha 1 Fourier transform infrared (FTIR) spectrometer as a powder
spread on an attenuated total reflectance (ATR) platinum Diamond 1 accessory. Ultraviolet-
visible (UV-Vis) absorption spectra were recorded on an Agilent Cary 60 spectrophotometer
in the 200 - 800 nm range. Cr in spiked samples was measured on the Inductively Coupled
Plasma-Optical Emission (simultaneous) spectrometer (ICP-OES) (ICPE-9820 Series,
Shimadzu).

2.4 Application of S, N-CDs for quantitatively determining Cr(VI) ion.

2.4.1 Linear Calibration by the host-guest surface interactive absorption (HGSIA) and

Fluorescence (FLUOR) quenching methods.

Incremental aliquots of 100 mg/L (for the higher concentration range) or 10.00 mg/L (for the
lower concentration range) of Cr,07% and a fixed volume of a 0.1 M NH3/NH4* pH (pH 9) were
added to 2.00 mL of the S, N-FCDs to attain final Cr(VI) concentrations in the 0.5 - 1500 ppb
range. The absorption spectra of the host-guest surface interactive absorption (HGSIA) of the
S, N-CDs, and the Cr(VI) standards in S, N-CDs were recorded and presented as overlays. The
normalised absorbance data at 375 nm were plotted against the dichromate concentration
([Cr,07%]) to obtain a linear calibration curve equation, from which the slope (calibration

sensitivity) and R?value were recorded.

Similarly, the quenched fluorescence (after excitation at 310 nm) of the prepared Cr(VI) in S,
N-FCD calibration standards (used in the HGSIA method and with final Cr(VI) concentrations

in the 20 - 1500 ppb range) was measured at 420 nm. The normalised quenched fluorescence

8
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was plotted against the [Cr,0,7] to obtain a linear calibration curve equation from whichs.ax
calibration parameters (calibration sensitivity, R? coefficient, the limit of quantitation (LOQ),

and limit of detection (LOD) were deduced.

Replicated measurements (N = 15) of the absorption or emission of the S, N-CDs at 375 nm
(the reagent blank) of S, N-CDs, and applying the data to equations 2 and 3 yielded the
estimated LOQ and LOD values for each method from the LOD/LOQ = {35/(10)}/k, where k =

slope of the calibration curve and is the standard deviation of the blank.

2.5 Real water sample analysis

Contamination of soils and water by chromates (Cr) is often a worrying environmental
problem. (Cr). The accuracy (as % Cr(VI) recovery) of the HGSIA or quenched FLUOR method
for Cr(VI) measurements was evaluated at two low concentration levels in spiked uMsunduzi
River water, which had been collected in the Pietermaritzburg area (Latitude: -27°37'8.39"
and longitude: 30°40°21.59”). The water sample was centrifuged at 12,000 rpm to remove
large particles and filtered with a 0.22 um membrane filter. The water was used to prepare
8.3 mg/L N, S CDs. Two aliquots, 1.98 and 1.80 mL of the CDs (in river water), were spiked
with 20 pL and 200 pL 10 mg/L Cr(VI) in N S-CDs standards, respectively. The final Cr(VI)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

concentration in the two spiked river water samples was 20 ppb and 200 ppb. The enhanced

absorbances or FLUOR quenching of the unspiked (N, S-CDs in water), 20 ppb and 200 ppb

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

Cr(V1) in S, N-CDs/River water samples were recorded at 375 nm and 420 nm, respectively.

(cc)

No absorbance (375 nm) or FLUOR quenching (420 nm) changes were recorded for the water
on CDs in the River water. The % recovery of the Cr(VI) at the two spiked levels by both

methods was deduced from the calibration equation.

Procedures to estimate the quantum vyield of fluorescence of the S, N-CDs, to verify the
enhanced absorption (host-guest enhanced absorption interactions - HGSIA) of Cr(VI) in S, N-
CDs solution, confirm the selectivity over other potential interferences for both the HGSIA
and fluorescence (FLOUR) methods, effect of pH on the fluorescence of the CDS, their
photostability, ionic interferences, and photo-oxidation are outlined in the supplementary
section (Sl 2-7). The procedures for validating the precision of Cr(VI) detection and accuracy

(as % recoveries) in spiked samples and in a positive control (Cr(VI) contaminated) sample by

9
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both methods via standard addition, and cross-validating the analytical performangesof Bgth
methods by ICP-OES are given in the supplementary section Sl 8-10.

3. Results and Discussion
3.1 Synthesis and characterisation of S, N-CDs.

In this work, hydrothermal heating of an avocado seed powder extract (20 w/v%) and 40.0
mg (2 w/w%) thiosemicarbazide (an N, S atom-dopant) under acidic conditions, in a 1:4
EtOH/H20 mixture, resulted in a colored solution of the S, N-CDs colloids. The colloids emitted
a dull green fluorescence under irradiation with a 365 nm lamp. The yellow solution is
obtained through the sequential ultracentrifugation and microfiltration (using a 0.22 um
nitrocellulose filter) steps. It is water-soluble and a stable nano colloid of the S, N-CDs. Freeze-
drying of the S, N-CDs colloids through sequential immersion in liquid nitrogen afforded a light

brown powder, which was fully characterised by various surface characterisation techniques.

The size distribution and particle sizes of the S, N-CDs were analysed by TEM, and the obtained
micrographs are shown in Figs. 1A-C. The synthesized S, N-CDs are monodispersed and quasi-
spherical clusters within the particle size range of 8.5 - 18 nm Fig. 1B. Under the synthetic
reaction conditions (elevated temperatures and pressure, condensed state), in a polar solvent
mixture (1:4 EtOH/H,0), nonspecific thermal reactions that include carbon chain growth,
cross-linking, dehydration, condensation, rearrangement and ring fusion of the compounds
in the aqueous extract of the avocado seed (the carbon source) and the minute amounts of
thiosemicarbazide (the N, S dopant) occurred. These ultimately formed nanometric core
graphene domains (the microcrystalline region) that grew into the quasi-spherical S, N-doped

carbon dots.

The surface morphology of the N, S-CDs that were synthesised under oxidising acidic
conditions is shown in Figs. 1D-E. The CDs appear as interwoven aggregates of randomly
folded nanosheets and granular carbon rods, presenting a rough surface topology with
random crevices. This surface morphology increases the effective surface area of the S, N-
CDs, allowing them to react more efficiently with target analytes. The discrete graphitic

carbon nanorods are randomly oriented and stacked onto the surface of folded graphene-like

10
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nanosheets. Some carbon rods are crystalline, and their orientation exposes creviges. gt s
nano-void pores. The new orthogonal nanosheets sprout from the body of the nanorods, as
shown in Fig. 1D. The EDX spectrum shown in Fig. 1F of the S, N-CDs confirms the presence
of C(28.3%), 0 (31 %), S (14.2%), N (8.74 %), and K (17.7 %). The addition of thiosemicarbazide
as a doping agent increased the percentage composition of S and N atoms. At the same time,
the high %K (potassium) content detected in the EDX spectrum of the S, N-CDs is correlated
to its natural content in the avocado seed that was used as a carbon source, since no
potassium salt was used in the synthesis of the S, N-CDs. The SEM-EDX elemental mapping
diagrams shown in Fig. S1 of the S, N-CDs depict the elemental dispersion of the atoms found
in the CDs. The intensity of elemental mapping for the S, N-CDs decreases in the order C
(28.3%) > O (31%) > S (14.2%) > N (8.74%), corroborating that these heteroatom functional
groups decorate the paper-like graphitic nanosheets and nano-spherical S, N-CDs on their
surfaces. The electrostatic surface potential of the S, N-CDs is large negative, as evidenced by
a negative zeta potential () of -5.66 (+0.07) mV (Fig. S2B). This is due to defects in the
graphitic material that are passivated by negatively charged functional groups, such as
hydroxyl, thiol, and amide groups. The SEM image (Fig. S2A) of the S, N-FCDs mixed with 100
ppb Cr(VI) ions (the target ion for detection) exhibits a smoother, dotted pattern with

graphitic, clustered, spherical nanoparticles. The observed surface morphology changes are

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

likely related to the declustering of the CDs due to surface non-covalent interactions. These

interactions can result in a more diffuse electron beam, leading to a faded image that appears

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

as a smooth surface. Thus, the quenching of fluorescence, as seen in Fig. S2A, is evidence of

(cc)

surface passivating interactions between the synthesised S, N-CDs and Cr(VI), which can be
used to detect trace-level amounts of the latter. Moreover, the ({) value increases from -5.66
(+ 0.07) mV (for the S, N-CDs) to +4.22 (+ 0.05) mV when the S, N-CDs are mixed with the

high oxidation and electropositive Cr(VI) ions (Fig. S2C).
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obtained S, N-CDs; (C) Histogram of the size distribution of the S, N-CDs; (D-E) SEM images of
the S, N-CDs; (E) SEM image of graphitic nanosheets of the S, N-CDs, and (F) SEM-EDX of S, N-

CDs showing the elemental composition.

The PXRD analysis was used to elucidate and probe the phase and crystallinity of the S, N-
FCDs powder. As shown in Fig. 2A, the carbon nanomaterials feature several sharp peaks
superimposed on broader peaks with the diffraction 20 angle range 18 - 45 °. The sharp peaks
indicate that the S, N-FCDs have some phase domains with a degree of crystallinity, while the
broader peaks represent amorphous carbon domains. For example, a sharp diffraction peak
at 20 = 25° is typical of reflection by a (002) graphitic mirror plane.>? Other sharp peaks occur
at 26 = 40.2° (100) and 46° (102), corresponding to the in-plane diffraction of the graphitic
core mirror planes of the S, N-FCDs. The PXRD data indicate that the S, N-FCDs are

predominantly amorphous.

FT-IR was used to probe the different functional groups on the surface of the avocado seed
powder extract, and the S, N-CDs, and the recorded overlay spectra are presented in Fig. 2G.
The former (avocado seed powder) does not show as many discrete and intense vibrational
peaks as the S, N-CDs. This could be due to the dilution effect in the avocado seed water/EtOH
extract. On the other hand, the S, N-CD FT-IR spectrum exhibits a diverse range of surface
functional groups, characterised by medium to intense vibrational peaks. Prominent peaks
were observed at the following vibrational frequencies, v, 3500-3600 cm™ v(O-H, w/br,

12
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unresolved shoulder); 3315 cm™, br, s); 2940 cm™, w, v(C-H aliphatic); 2068 cmy;3 (1,038 0174
v(COOH); 1689 cm, 2 unresolved peaks, m, v(C=0); 1490 cm™ v(C=C/N), shrp, m) and 1014,
1010 cm, v(C-0/S), where s = strong, w = weak, br = broad, m = medium intensity, shrp =
sharp. The C=C/N/S sp?-hybridised bonds are signatures of the graphitic cores of the S, N-
CDs. Planar and edge defects occur in sp*-hybridized C-O/N/S groups and are characteristic of
CDs, regardless of the carbon source.'® 2% >3 Functional groups, such as carboxyl, carbonyl,
and hydroxy, on the surfaces of the S, N-CDs enhance their water solubility and hydrophilic
interactions. Hence, these groups can act as a pseudo-ligand for cations' electrostatic and
non-covalent binding. These interactions are the basis for their solutions being used as

reagents for the selective detection of toxic heavy metal ions in aqueous samples.

To confirm the possible interactions between CDs and Cr(VI), FT-IR spectra of pristine S, N-
FCDs and ground mixtures of the CDs and Cr(VI) were recorded and presented in Fig. 2G.
Some of the vibrational bands for the CDs/Cr(VI) mixture have shifted and altered peak
intensities when compared to those of the CDs alone. These changes correlate with the
myriad and non-specific non-covalent interactions between the hard basic groups (C—O/N/S)
to the highly electropositive Cr(VI) (a hard Lewis acid), forming semi-stable coordinate
complexes. For example, the merged N-H/O-H bands (ca. 3500 cm™) of the CDs/Cr(VI)

mixture are slightly shifted to higher frequencies, broader and more intense. These

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

differences reflect the mutual electrostatic and unconventional hydrogen bonds contacts

between Cr(VI) ions and the electron lone pairs of the O—H/ N—H groups. Similarly affected

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

vibration bands include the C(O)-0O (2000 cm™, shifted Amax and decreased intensity)), C=0/S

(cc)

(1700 cm™, increased intensity), C=N/S (1480 cm%, increased intensity) and Cr(VI)-N/S-CDs
(500 cm}, shifted Amax and increased intensity). They all attest to mutual interaction between
the CD surface donor groups and Cr(VI) ions and whose spectral effects are the basis for the

optical sensing of Cr(VI) ions as shall be discussed ahead.
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Figure 2. (A) PXRD with 20-spectrum of the S, N-CDs. (B) XPS survey spectrum of the S, N-CDs,
and the deconvoluted spectra of the (C) O 1s, (D) C 1s, (E) N 1s, (F) S 2p valence states. (G)
Overlaid FT-IR spectra of the avocado seed powder extract, S, N-FCDs, and S, N-FCDs mixed
with 500 ppb Cr,07-.
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To further investigate the elemental composition and surface functional groups/atomicas. i
valence states of the avocado seed-derived S, N-CDs, a photon X-ray spectroscopy (XPS)
survey spectrum was recorded. The XPS elemental survey spectrum of the S, N CDs is
presented in Fig. 2B; it shows two intense peaks for the O 1s (532.2.eV) and C 1s (285.5 eV),
with weaker signals for the N 1s (399.8 eV) and S 2p (163.3 eV), Si 2p (101.5 eV) and P 2p
(133.3 eV). Integration of these peaks translates to a composition of 61.7% C 1s, 32.5% O 1s,
3.6% N 1s, 1.44% S 2p, 0.21% P 2p valence states. The deconvoluted spectra derived from the
C 1s peak (Fig. 2E) consist of coalesced peaks at binding energies (eV) of 284.2, 284.6, 286.1,
287.8, and 288.1 eV, due to C-C, C=C(graphitic), C-O/N, C=0, and O-C=0 bonds/ functional
groups, respectively.>*>” The spectral components of the O 1s peak also confirm the presence
of C-0 and C=0 carboxyl groups, which arise from oxidation reactions enhanced by the acidic
9 M H,S0, synthetic medium. Similar deconvoluted spectra of the N 1s and the S 2p peaks
reveal the presence of organic cyanide-like, thiol (mercaptan), and sulfide groups, as shown
in Figs. 2B-E. Most of the implied functional groups in the XPS data have been identified and
discussed in the FTIR characterisation data, and their presence is consistent with the use of
avocado seed extract as a carbon source. The percentage (%) composition of S and N atoms
confirms the successful doping of these atoms from the thiosemicarbazide and other

nitrogenous sources in the avocado extract. The data confirms the successful formation of

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

nitrogen-doped carbon dots.

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

3.2 Optical Properties of the S, N-CDs.

(cc)

The optical properties of the S, N-CDs were also studied using UV-Visible absorption and
fluorescence spectroscopies. After purification using sequential ultracentrifugation, a yellow-
coloured and water-soluble nano-colloidal solution of the S, N-CDs was obtained. The UV-
visible absorption spectrum is presented in Fig. 3A, featuring a strong absorption band
centred at approximately 280 nm. This is due to the dominant m — n* electronic transitions
of the C=C (sp?) bonds of the CDs’ core or crystalline regions of the graphitic structure. It also
features a low molar extinction but a gradually rising band below 400 nm. This band is due to
the n— nt* transition of the various heteroatoms (C-O/N/S) functional groups that include

hydroxyl/thiols (C-OH/-SH groups), carbonyl/thionyl (C(H)=0/S), and amines (C—NH,), as may
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occur in the surface of the S, N-CDs derived from biomass. Some important CgX, (Q,oN;:S)

Nanoscale

functional groups, which are well-suited for their sensing capability, have been confirmed in

their FT-IR and XPS spectra.

The yellow S, N-CDs solution emits a dull green fluorescence as shown (in the inset picture of

Fig. 3A) when excited by 365 nm broad UV-Visible radiation from a Xenon lamp. Using the

data in Fig. 3D, the Qy for the avocado-seed-derived S, N-CDs was calculated to be 17.7 %.

This value is in the middle of the range reported for CDs derived from other natural biomass

sources. For example, CDs synthesised from grape seeds by hydrothermal synthesis %! and

avocado seeds by pyrolysis #* had Qy values of 27.7% and 9.2%, respectively.
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Figure 3. (A) Stacked UV-visible absorption (black solid line) and fluorescence (FLUOR) (red

line) spectra for 8.3 mg/L S, N-FCDs. The inset image is the visualisation of the S, N-CDs under

normal light and 365 nm UV light in the dark. (B) Spectra of the 8.3 mg/L avocado seed-derived

S, N-FCDs at varying excitation wavelengths (270 - 400 nm, 10 nm intervals). (C) Overlaid UV-
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Vis and PL spectra of S, N-CDs, and with standard 0.1 M quinine sulfate, from whose datdthé s s

quantum yield (Qy) was calculated.

3.3 S, N-CDs host-guest surface interaction absorption (HGSIA) method.
3.3.1 Surface interactions and enhanced absorption for the selective detection of Cr,0/.

The utilisation of CDs as an optical sensing nanomaterial for Cr(VI) has been extensively
reported for interaction-induced fluorescence quenching methods.>®%!However, the
molecular absorption sensing of metal ions by CDs remains relatively unexplored, except for
a few recent literature reports.?’>! Herein, we explore the enhanced absorption and
fluorescence quenching methods for dual-mode quantitative Cr(VI) analysis using avocado-
derived CDs as pseudo-sensing reagents. To demonstrate the enhanced absorption method,
two sets of 200, 500, and 1000 ppb Cr,0s%* ions in S, N-CDs, and ultrapure water were
prepared, and their spectra were recorded, along with those of the S, N-CDs. The overlaid
spectra are presented in Fig. 4. As illustrated in the inset to Fig. 4B, the intensities of the
absorption bands at 360 nm for Cr,07% standards (in water) are significantly lower than in the
S, N-CDs. For example, the absorption intensity of the 1000 ppb Cr,07% in S, N-CDs standard

is 14 times higher than its counterpart in ultra-pure water. Considering the spectrum of the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

CDs as a baseline reference (inset to Fig. 4B), the enhanced absorbance bands of the Cr,0,*

ions in S, N-CDs are red-shifted by 15 nm (at 375 nm). These bands also exhibit a linear

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

correlation between absorbance and the increasing concentration of Cr,07% in S, N-CD

(cc)

standards. These observations suggested that the Cr(VI) ions were involved in surface host-
guest interactions with the numerous functional groups on the surface of the avocado seed-
derived S, N-CDs, leading to the formation of ground-state coordinate Cr(VI) complexes of
enhanced absorptivity at a red-shifted charge transfer (CT) band (375 nm). Hence, these host-
guest S, N-CD-Cr(VI) surface interactions that enhanced the absorptivity of Cr(VI) shall be
abbreviated hereafter as the ‘HGSIA’ effect. Although Pizzoferrato and co-worker?’
mentioned and briefly discussed these CD-Cr(VI) interactions, they did not emphasise the
origins of the 550 and 700 nm absorption bands used for Cr(VI) quantitation. As already
pointed out, and according to the hard-soft acid base (HSAB) theory, the matched atomic

orbital energies and sizes for Cr(VI) ions (the hard acids) and the C—O-/N- groups (hard bases)
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leads to swift interaction between them, marked by significant overlap integrals ;to, fORa 5.1k

stable ground-state complexes with high molar absorptivities.

The HGSIA effect of the CDs and Cr(VI) ions can be exploited for the detection and
guantitative analysis of the latter with some degree of specificity. Thus, we set out to develop
and validate a quantitative analytical method for the selective and sensitive detection of
Cr(VI) using CDs from avocado seeds. The incorporation of CD from avocado seed makes this

HGSIA method eco-friendly and sustainable.
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Figure 4. Overlaid HGSIA UV-visible spectra (band Amqx = 375 nm) of the S, N-CDs solution; 200,
500 & 1000 ppb Cr(Vl) in water (dwarfed bands in the encircled region) and the analogous
Cr(VI) standards in S, N-CD solutions. Inset (A) Overlaid spectra of the S, N-CDs, 200 ppb Cr(VI)
standard in water and S, N-CD solution showing the absorption enhancement of the

dichromate-derived absorption band upon mixing Cr(VI) with the S, N-CDs. (B) Enlarged
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(zoomed out) overlaid spectra (within the circled range for the absorption band {Amax=s36856.1smk

nm) of the 200, 500, and 1000 ppb Cr(VI) standards in ultra-pure water.

To verify the specificity of the neo-derivatising S, N-CDs reagent for Cr,0,% ions, the
absorbance at 375 nm for 500 ppb Cr(VI) or other selected metal ions in S, N-CD standards
was measured. The overlaid absorption spectra of the CDs, Cr(VI), and mixtures with other
metal ions in S- and N-CD solutions are shown in Figs. 5A and 5C. Their normalised
absorbances at 375 nm are depicted as bar graphs in Figs. 5B and 5D. As illustrated in the bar
charts, only the presence of the Mn(VIl) ion caused a similar enhancement in the absorbance
change of the S, N-CDs as observed for Cr(VI) ions, thereby affecting the specificity and
selectivity of the latter. The fact that Cr(VI) and Mn(VIl) ions (two highly oxidised ions)
induced a similar HGSIA signal in S, N-CDs suggests their common high oxidation states led to
the formation of coordinative complexes of similar stability with CD donor groups. The
similarity in their energy and size of their atomic orbitals resulted in similar reactivity towards
the C—O/N groups (hard bases) in accordance with the principles of HSAB theory. This is a
major limitation regarding the quantitative analysis of Cr(VI) in samples with a high Mn(VII)
content. Noteworthy is that Cr(lll), the less toxic but lower oxidation state species, does not

interfere with Cr(VI) detection, highlighting the speciation specificity capability of this

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

method. When the selectivity evaluation was repeated with the interferent at a 100-fold

excess (50 mg/L), only Fe(ll) ions, in addition to Mn(VII) ions (Fig. S3), showed some slight

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

interference. The practical reliability and applicability of the HGSIA mode of detection are

(cc)

limited by a high content of Mn(VIIl) and Fe(ll) ions in real samples. Pretreatment to remove
these interferences without altering the integrity of the sample is practically difficult to

achieve.
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Figure 5. (A) Overlaid UV-Visible absorption spectra of the 8.3 mg/L S, N-CDs (2.00 mL) before
and after adding 20 ulL of 5.00 mg/L Cr,07 or selected metal ions (to attain [Cr(VI) or
interferent metal ion] of 50 ppb. (B) Bar graphs of the normalised changes in absorption
(A(Abs/Abs) at 375 nm of the 50 ppb solution of Cr(VI) or interfering metal ions. (C) Overlaid
UV-visible absorption spectra of 8.3 mg/L S, N-CD solution (2.00 mL) before and after the
addition of 20 uL mixture of 5.00 mg/L Cr,07 and 100-fold 500 mg/L of other metal ions. (D)
Bar graphs of the normalised changes in absorption (A(Abs/Abs) of 0.50 mg/L solution of Cr(VI)

and 50 mg/L of potential interfering ion.

3.3.2 Mechanism of interactions leading to the enhanced absorption of Cr(VI) in S,N-CDs

medium

Note that only high oxidation state ions, viz. Cr(VI) and Mn(VI) induced significant HGSIA
changes of the avocado-derived S, N-CDs in solution; the mechanism for their selective
detection is likely mediated by the common high positivity and electrophilicity of the metal
ions rather than the negative formal charge carried by each of these anionic metal complexes.

For example, the non-covalent adduct formed between Cr(VI) and the myriad negatively
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polarised donor function groups on the surfaces of the S, N-CDs is derived from,a psefitid s
charge transfer from the lone pairs on heteroatoms of the S, N-CDs into the low-lying energy
vacant d-atomic orbitals of Cr(VI), forming stable and quasi-physicochemical adducts. The
strength of the dipolar moment or polarizability of the encounter/adducts is the highest of
these two ions due to their high electrophilicity and charge positivity of the metal centres.
Resultantly, they form strong steering electric vectors on the incident radiation, causing the
observed selective and enhanced absorption bands compared to the absorptivity of their

respective neat standards in ultra-pure water.

The nature of the interactions between the surface groups of CDs and responsive metal ions
(with which they exhibit selective detection) and detection mechanisms has not been
enunciated more clearly than we are doing here.*’->! We postulate that the electron-donor of
the S, N-CDs (host receptors) forms encounter pairs with the highly positively charged Cr(VI)
ions, resulting in adducts with stronger molar extinction absorption coefficients, which leads
to absorption enhancement. The formed Cr(VI)-S, N-CD adduct exhibits a stronger electric
dipole moment, which enhances absorption and results in a slightly red-shifted wavelength.
This results in more intense Cr(VI)- derived absorption peaks compared to the dichromate,
leading to higher detection sensitivity. Furthermore, the zeta potential measurements of the

adulterated S, N-CDs and their mixture with 20 pL of 10 mg/L of Cr,07? showed a surface

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

charge increase of about 10 mV; changed from -5.66 (+ 0.07) mV (for the S, N-CDs) to + 4.22
(+0.05) mV (for the S, N-CDs + Cr(VI)), vide supra. The S, N-CDs carry a net negative charge on

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

their surface due to the presence of different electron-donating functional groups. They are

(cc)

dominated by O- and N-containing functional groups (COO-, OH-, NC, SH), as also
corroborated by data from SEM-EDX, XPS, and FT-IR analyses. The increase in the surface
charge value for the S, N-CDs + Cr(VI) mixture supports electrostatic interactions that foster
strong adsorptive dipolar pairs. These interactions manifest as unusual enhanced absorption
of the dichromate ions in S, N-CDs, which forms the detection principle of the newly
developed HGSIA method. As already stated, the surface interactions caused an enhancement
in the molar absorptivity at a shifted charge transfer band at a Amax of 375 nm (Fig. 4). This
confirms that the S, N-CDs interact with Cr(VI) ions on their surface through the HGSIA

principles. The principle of detection is the same as that proposed recently by Pizzoferrato
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and co-workers#” and is also similar to the calorimetric reference method (EPA Ref,No,7

1992).%
3.3.3 Effect of pH on the HGSIA detection of the Cr(VI) in S, N-CDs solution.

The measured absorbance at 375 nm of the Cr(VI)/S N-CD solution at different pH levels
shows a slight pH-dependent response in the range of 2-12. The numerous functional groups,
such as carboxylic acids, aromatic amines, and phenols/thiols, are protonated /deprotonated
to varying degrees depending on their pK;, values. The degree of ionisation of these groups
influences the strength of the surface group’s interactions. The dipolar moments for the
Cr(VI)-CD ion-pairs correlate directly with their enhanced absorption, as shown in the bar
charts in Fig. S4. As the CDs become more alkaline, the Cr(VI) absorbance in the S, N-CDs
media also increases. The deprotonation of acidic groups to form their conjugate groups (e.g.,
RCO;, RSO3, RNH- or RNH,) increases the Cr(VI) ion pair's electric dipole moment. This,
together with the delocalisation of electrons via resonance and the transfer of electrons from
the donor atoms, all increase the absorptivity of the adducts.?® 6263 However, the absorbance
beyond pH 10 dropped slightly, possibly due to increasing precipitation of the hydroxide of
the solution constituents. Thus, a pH of 9 was considered the optimum pH for evaluating the

method.
3.3.4 Linear calibration of Cr(VI) by the S, N-CDs HGSIA method.

The normalized absorbances measured at 375 nm were plotted against a wide-range
concentration ([Cr,07%]) of 0.5 - 1500 ppb of serially diluted Cr,07% standards (pH = 9) as
shown in Fig. 6. A linear regression (least squares fit) of the normalized absorbance data
yielded the calibration equation, y = 0.0043[Cr(VI)] + 0.32, R? = 0.9958, in the concentration
range 0.5 - 1500 ppb. The calibration graph shows a high sensitivity, high correlation precision,
and a wider linear concentration range, 0.5 - 1500 ppb, compared to other optical absorption
methods for Cr,052 ions.16 34 50, 51 Moreover, ultra-trace concentration limits of detection
(LOD) and quantitation (LOQ) for the Cr,07% of 0.14 ppb (2 nM) and 0.47 ppb (9 nM) were
estimated, respectively, by applying replicated (N = 20) reagent signal responses (Fig. S12)
equivalent to 3- and 100 iank) into the calibration equation, respectively. The values are much
lower than those for conventional absorption methods for Cr(VI) ions. For example, direct

analysis of Cr,07% shows narrow linear ranges and poor LODs influenced by the complexion's
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pKa and pH of the medium.® A calorimetric method in which Cr(VI) is reduced by N, Nzdiethylco.m 7
p-phenylenediamine showed a linear range of 0.85 - 60 uM and LOD and LOQ of 0.26 uM
(13.5 ppb) and 0.85 uM (21.3 ppb), respectively.®* Cr(VI)-hydroquinone-diphenylcarbazide
reduction method (adapted from the EPA calorimetric method) depicted a narrow linear
range of 0.1 - 3.0 mg/L, and LOD and LOQ of 0.07 and 0.1 mg/L (ppm),*? for the determination
of ppm levels of Cr(VI) ions after their selective derivatization at pH 2 (A = 540 nm) by the 1,5-
diphenylcarbazide (1,5-DPC) reagent.’> 16 Compared to the EPA method, the new HGSIA
method for Cr(VI) ions is highly sensitive (10 - 100 fold), has significantly lower limits of
detection and a wider linear concentration range, as shall be further discussed in the sections
ahead. However, its specificity and accuracy are seriously affected by high concentrations of

Mn(VIl) and Fe(ll) ions in the real samples.

As already noted, the only other absorption-based calorimetric method for Cr(VI), utilises
carbon dots from oxidative etching of fullerenes.*” A linear concentration range of 1 - 100 uM
and an LOD of 300 nM (15.9 ppb) at a charge transfer band centred at 550 nm were reported
(Table 1). Our S, N-CD-HGSIA method presents comparable calibration metrics (a higher
calibration slope, lower detection limits, and a wide linear range in the ultra-trace limiting
range) when compared to the aforementioned method. Extending the comparison (Table 1)

to the CDs absorption-based methods for other metal ions, viz., Pb(l1)3*, Ag(1),>° Co(ll),>* and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Cu(ll),%84° the metrics of our method are superior, showing the benefit of using avocado seed

as a carbon source, unlike the non-biomass-derived carbon sources used for CD production

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

in all the aforementioned studies. Thus, the superior analytical performance of the HGSIA for

(cc)

Cr(VI) and the sustainability of the S, N-CDs sensing reagents make it a ready, viable analytical
method for detecting Cr(VI) in the ppb range. To check the accuracy and variability of the
HGSIA responses, 100 ppb Cr(VI) was measured repeatedly, N = 15 times (Fig. $6), as if it were
a sample. Its absorbance values have a 2.7% RSD and a mean signal, equivalent to a
concentration of 99.4 ppb Cr(VI) on the calibration equation. These checks verify the high
precision and accuracy of the HGSIA method in detecting Cr(VI) in the check sample. The
batch-to-batch reproducibility of the sensitivity of the S, N-CDs towards the Cr(VI) was verified
by undertaking the calibration process using S, N-CDs synthesised on different dates, as

shown in Fig. S5. A similar linear correlation was demonstrated within the same linear range.
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In all cases beyond 1500 ppb Cr(VI), the absorbance in the S, N-CDs deviated towards.a: e o7

response factor with increasing [Cr(VI)].

- 5NN
—_— NGO = 0.5 O,
. —_—
1500 ppb Cr,0, —
_._,l_“q,

A — oo
_"'hi'
_l-"'M
—Jrl“q-u
—— 30 ppby
) prphs
I.llppl-u
—L:lJH-ntq
150 ppb
_]rllmjh
—_— b
—-Erllﬂnb
) 2 —

0.5 ppb Cr,0,° —r
— 4
s 400 pbs
—hﬂlﬁb
— 0 pps
— K0 ppb
—|rl,n|-|pl1
— | 2800 ppby
— | 500

Absorbance

300 350

L T

400 450 500 550 600
Wavelength (nm)

(B)

o
-
4. v = 0,0043x + 0,3158
I R = 0,9958

0 100 200 300 400 S00 60O T0O B00 900 10001100 12001300 1400 1500
[Cr00* |/ ppl

24


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr04174k

Page 25 of 43

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

(cc)

Nanoscale

Figure 6. (A) Overlaid UV-visible absorption spectra of the Cr.07 ions in S, N-CDs gt BH 96 me
(ammonium buffer) when 20 uL of variable concentrations of Cr,07" ions were added to 1980
ml of the 8.3 mg/L S, N-CDs (2.00 mL) to attain final concentrations of 0.50 — 1500 ppb Cr(VI).

(B) The linear calibration plot of normalised absorbance (AA/Aq) at 375 nm versus [Cr:07 Jppb.

3.3.5 Cr,07# (Cr(Vl)) analysis in spiked river water sample and dichromate-contaminated

laboratory effluent (a positive control sample) using the HGSIA method.

Table 1. Comparison of the CDs-based HSGIA- calorimetric quantitative methods for detecting

Cr(Vl) and other metal ions.

Carbon Precursor Method of Linear calibration Linear LOD (ppb)  Refer
for CDs detection eqgn. Range, ppb (nM) ence
(non-sustainable (Metal ion) (R?) (uMm)
sources)
Cr(VI) ion
Ceofullerene CD Calorimetric 0.00319[Cr(VI)] + 52 - 5200 15.6 ppb 47
carbon Absorption 0.000739. (1-100 (300 nM)
(Oxidative (Cr(v1)) (0.9980) M) (0.3 uM)
opening)
na Calorimetric- y =33.594[Cr(VI)]. 44.2-3120 13.5 ppb 64
N-diethyl-p- (0.9993) (0.85 - 60 (260 nM)
phenylenediamine pm) (0.26 uM)
(Cr(VD)
na Calorimetric- y = 0.0305[Cr(VI)]. 1-800 1000 ppb 16
1,5- (0.9994) (1.9-15.4 (1923 nM)
diphenylcarbazide pum) (1.92 um)
(Cr(V1))
Avocado seeds UV-Visible y =0.0043[Cr(VI)] 0.5-1500 0.14 ppb This
(Hydrothermal) enhanced +0.32. ppb (2.0 nM) work
absorption (0.9958) (0.0096 - (0.00269
(HGSIA) 28.8 uM) um)
(Cr(V1))
Other metal ions
Glutathione and CD Calorimetric ns 0.21-199 7.69 ppb 34
formamide Absorption for ppb (37.1 nM)
(Microwave- Pb(Il) (0.001 - (0.0371 uM)
assisted) 0.961 uM)
benzenetetramin CD Calorimetric y =4.76x10 0 - 41600 5.39 ppb >0
e Absorption 3[Ag(l)] + 2.69x10 ppb (50 nM)
tetrahydrochlorid (Ag(D) 3, (0-800 (0.05 uMm)
(0.98) uM)
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e and poly(2- DOI: 10.10!5%2%184?1%;
ethy), 2-oxazoline
(Hydrothermal)
L-histidine and CD Calorimetric y=1.688 x10 0-11786 44.2 ppb 51
ethylene imine Absorption 2[Coll] +4.447. ppb (750 nM)
polymer (Co(IN)) (0.99) (0-200 (0.75 uMm)
(hydrothermal) uM)
0- CD Calorimetric ns 65.5 - 6555 13.1 ppb 48
phenylenediamin Absorption 1-100 uM (200 nM)
e and ammonium (Cu(lN)) (0.02 um)
sulphate
o- CD Calorimetric ns 32.8 -6555 13.1 ppb 43
phenylenediamin Absorption 1-100 uM (200 nM)
e and ammonium (Cu(ln)) (0.2 uM)

sulphate
na = not applicable, ns = not specified
Real water samples from the uMsunduzi River were spiked with a fixed concentration of S,
N-FCDs. The absorbance of the spiked and laboratory wastewater contaminated with Cr,07*
ions (positive control) was measured in replicates and applied directly to the HGSIA
calibration equation. The absorbance of the river water was indiscernible, meaning the
concentration of Cr(VI) was below the detection limit or was absent. The absorption spectra
of the spiked water samples (after several aliquot additions to attain 0 - 200 ppb Cr(VI)
standards are shown in Fig. S7. A standard addition plot of the normalised absorbance versus
[Cr(VI)] is linear, indicating a precise linear correlation between the two variables, as observed
in the external calibration approach. The normalised absorbances at 375 nm of two of the
standard additions with final concentration levels of 20 ppb and 200 ppb Cr(VI) ions in S, N-
CDs solutions were substituted into the external calibration equation to deduce the
respective measured (recovered) concentration of Cr(VI). The recovery (%) values of Cr,07*
in the spiked uMsunduzi River at the two chosen spiked levels are presented in Table 2. High
Cr(VI) percentage recoveries of 94% and 98% were demonstrated for the 20 and 200 ppb
Cr(VI) standards, respectively. This means that the HGSIA (Cr(VI) in S, N-CDs) method is highly
accurate even at the ppb level. According to the World Health Organisation (WHO) safety
regulations, Cr(VI) concentrations at or below 50 mg/L (approximately 900 nM) are
considered tolerable and permissible in water supply resources. Thus, the new HGSIA-Cr(VI)-
S, N-CDs method is sensitive enough to monitor Cr(VI) even at concentrations well below the

permissible levels in natural and drinking water set for monitoring and regulation by the
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World Health Organization (WHO),%> USEPA,> and South African standards® The regulated ;. oux
concentrations of total Cr in natural and drinking water are set at a threshold of < 50 ppb

(0.960 nM/L).

The recoveries in a river water sample are comparable with those obtained using ICP-OES, for
which 91.5% and 103.6 % were deduced, respectively. Moreover, as shown in Fig. S8, the
analysis of a dichromate-contaminated laboratory waste sample (positive control sample)
gave a concentration of 474 ppb Cr,0,% by the HGSIA calibration equation, which compares
well with the ICP OES’s result of 450 ppb. In both cases, the positive control sample had to be

diluted 3 times.

Table 2: Recoveries of Cr(VI) (Cr,07°) ions in the uMsunduzi River and quantitative positive

control (laboratory effluent) using the HGSIA method.

[Cr,07%], ppb % Recovery %RSD
Added Measured (N=3)
uMsunduzi River 20 19.2 96% +2.4
water
200 196.3 98% +1.6
Lab effluent - 475 +2.8

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

3.4 S, N-FCDs fluorescence (FLUOR) quenching by the Cr(VI) method.

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

3.4.1 Excitation wavelength-dependent of S, N-FCDs FLUOR.

(cc)

The emission spectra of the yellow S, N-FCD solution (as seen under normal light) were
recorded as a function of the excitation wavelength in the range 270-400 nm at 10 nm
intervals. The overlaid spectra are presented in Figs. 3A-B. The spectra have two emission
peaks at 420 nm (broad and strong) and 610 nm (sharp and minor), implying the existence of
dual emissive states in their excited states. The mixing of the blue colour hue (major peak at
420 nm) and yellow hue (minor peak at 610 nm) gives rise to the dull green colour of the
fluorescence of the CDs when observed under UV light irradiation. When the S, N-FCDs are
excited by UV radiation (A = 270 - 400 nm), emission spectra comprising two emission bands
are observed, with fluorescent emission wavelengths and intensities varying with the

excitation wavelength. The intensities of the emission reach a maximum at 420 nm for the
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major and shorter wavelength (higher energy) when an excitation wavelength of 310 jifiis
used. A similar trend is observed for the minor peak at 625 nm when the 310 nm radiation is
used. The major emission band is broader, occurring in the 390 - 550 nm range, while a minor
and narrower band is featured in the wavelength range of 565 - 800 nm. The two
characteristic emission peaks indicate two emissive states (for size distribution, refer to Fig.
1C) of the avocado seed-derived FCDs, which contribute to the green hue upon excitation
with UVC light. The broad and higher energy emission band (range 390 - 550 nm) is likely due

to the smaller-sized CDs, which have characteristically wider band gap energies.

The emission wavelengths of these FCDs are therefore dependent on the excitation
wavelength. This is a testament to the variable energy (emissive) states of the S, N-FCDs as
controlled by the variable sizes and the associated quantum confinement properties of the
biomass-derived CDs. This corroborates the HRTEM data, which show that the S, N-FCDs have
a variable size range of 8.5 - 18 nm, unlike the fluorescence of CDs derived from synthetic
chemicals (such as citric acid, glucose, etc.), which serve as the carbon sources.?% 43,44, 55,67-70
The use of the avocado seed as a carbon source resulted in CDs with an even wider diversity
of natural domain surface functional groups (-C(0)=0/S, -C-OH, -CNH,), which shifted the
absorption band to higher wavelengths. Consequently, our avocado-seed-derived fluorescent
carbon dots (FCDs) had a green emission hue and a relatively lower energy band gap. The S,
N-FCDs exhibit dual emissive states with two different band gaps, resulting in two emission

peaks upon excitation.

3.4.2 Stability of the fluorescence emission of the S, N-FCDs.

Repeated fluorescence measurements of the S, N-CDs solution under constant irradiation
with 365 nm radiation for 3 h showed a gradual decrease in the fluorescence intensity of
about 34 % (see Figs. S9A-B). Under prolonged UVC-light exposure, the photolytic
degradation of the CD emissive states affects the emission stability of the S, N-FCD. In such
applications, the bleaching effect may degrade the S, N-FCDs, thereby affecting their function.
However, this is of little concern in fluorometric sensing, where full spectra acquisition is
complete within 120 s, for which the decrease will be negligible. The fluorescence stability of

the FCDs was also monitored in the presence of increasing concentrations (0.2 - 1.0 M) of
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H,0- to probe the effect of mild oxidising conditions on the surface groups of the,S, N;FCRS 5.1 7u%
in solution. Only a 30% decrease in FLUOR intensity was observed when the [H,0;] was
increased five times, as shown in Figs. S10C-D). Thus, only in aggressively oxidising media (or
equivalent) in the natural environment can the FLOUR signals of the S, N-FCDs become
unreproducible towards Cr(VI) detection. When the oxidising agent was replaced with a high
ionic strength salt of variable concentration (0.2 - 0.4 M NacCl), the fluorescence of the S, N-
FCDs was not significantly altered (Figs. S10A-B), indicating excellent ionic salt resistance and
tolerance. In different pH buffers (2 - 12), the FLUOR of the S, N-FCDs increased gradually up
to 9 before it decreased slightly beyond pH 10, as shown in (Figs. S9C-D). The FLUOR of the
S, N-FCDs shows excellent stability after storage and daily measurements for 30 consecutive

days, with a slight decrease in intensity. 14 18 30,63,70,71

3.4.3 Quenching of the S, N-FCDs fluorescence by Cr(VI).
3.4.3.1 Evaluating selectivity of the detection method.

The fluorescence of the S, N-FCDs at 420 nm after excitation at 310 nm in the presence of
Cr(VIl) and other selected metal ions were significantly quenched only by the Cr(VI) and

Mn(VIl) ions, with close to 85% and 77% reduction of the initial intensity, respectively as

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

depicted in Fig. 7. The high selectivity and specificity of these green carbon sources (avocado

seeds)-derived CDs for Cr(VI) ions is intriguingly like the HGSIA method. Thus, these avocado

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

seed-based CDs are a sustainable, neo-sensing fluorescent reagent for the comparative

(cc)

detection and quantitative analysis of Cr(VI) ions in aqueous media. Thus, they exhibit a
convenient dual-mode for sensing Cr(VI) via both fluorescence quenching (FLUOR) and HGSIA
methods. This makes them attractive analytical reagents for routinely monitoring Cr(VI)
contamination via two independent methods whose output data can be juxtaposed and
conveniently compared. This presents an opportunity to cross-validate the analytical data and
method performance, particularly in cases involving the analysis of complex matrices in

natural aquatic environments.

Thus, we set out to validate the analytical performances of the fluorescence (FLUOR)
guenching method as we had done for the HGSIA method. Further experiments on the

specificity of detection and quantitative aspects of the Cr(VI) FLUOR quenching method were
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conducted. The measurements of the quenched FLUOR were repeated in the presencé ofc. i
binary mixtures of Cr(VI) and other metal ions at a 1:1 and 1:100-fold concentration ratios.
The emission spectra and the quenched FLUOR data at 420 nm for the latter are presented in
Figs. S11. The extent of quenching by Cr(VI) mixtures in the presence of another metal ion
remained unchanged except for Mn(VIl) ions. The results also demonstrated that Mn(VIl) is a
potential fluorescence quenching interferent, particularly in samples with high ion
concentrations. Noteworthy, the quenching of the FLUOR is sensitive to the high oxidation

states of metal ions of Cr or Mn, i.e., as Cr(VI) and Mn(VII).

We proceeded to calibrate the fluorimeter for the quantitative analysis of Cr(VI) using
guenched fluorescence, enabling us to conduct a comparative analysis with HGSIA data

regarding their quantitative analytical performances.
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Figure 7. Overlaid PL spectra of 8.3 mg/L of S, N-FCDs (2.00 mL), showing quenched
fluorescence when mixed with 20 ul of 100 mg/L Cr(VI) and Mn(VIl) ions. (B) Bar Graph of S,
N-FCDs with Mn(VIl) and Cr(VI) ions. (C) Fluorescence lifetime decay profiles of N, S-CDs before
(black) and after (red) Cr(VI) addition.
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3.4.3.2 Quantitative analysis of Cr(VI) by S, N-FCDs quenching method: Calibration aspects

The S, N-FCDs, and the Cr(VI) in S, N-FCDs standards were prepared similarly for the HGSIA
method. Their spectra were recorded as overlays and are presented in Fig. 8A. A plot of the
normalised intensity (Fo/F) and the [Cr(VI)] (Fig. 8B) yielded a linear Stern-Volmer equation:
YiFosr) = 0.0013[Cr(VI)] + 1.0982, R? = 0,9885 in the linear range of 20 - 1500 ppb. The Cr(VI)
LOD and LOQ values were estimated from the replicated analysis (Fig. $12B) of the reagent
blank (N = 10), of 5.9 (11.3 nM) and 25 ppb (48 nM), respectively.

As observed for the HGSIA method, the linear concentration range for the Cr(VI) FLUOR
qguenching by sustainable FCDs in the lower ultra-trace levels of Cr(VI), which is nearly two
orders of magnitude in the width of the is unprecedented.*® 72 Moreover, the carbon source
(avocado seed CDs) used to produce the FCDs is regarded as ‘green’. Importantly, the
correlation between the response and [Cr(VI)] remains linear over a wider and increasing
concentration range (in the ppb range), which may be due to the many and diversified
functional groups and active sites (host receptors) derived from the myriads of precursor

molecules in avocado seed extract.

Previously reported optical methods (both fluorescence quenching and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

absorption/calorimetric) for the quantitative analysis of Cr(VI) using carbon dots derived from

both synthetic compounds and biomass are summarised in Table 1. The new avocado CD-

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

based HGSIA method combines a high calibration slope, a wide linear range (0.5 - 1500 ppb),

(cc)

and low (0.14 ppb) detection limits that compare well with reported methods in Table 4,

regardless of the mode or source used to form the CDs.

The calibration data for the quantitative analysis of Cr(VI) ions by previous CDs-based
fluorometric methods 33434457, 73 js also presented in Table 3. There is wider variability in the
analytical performances (calibration slope, linear ranges, and LOD/LOQ values) for CDs
derived from biomass sources. The sensitivity and estimated LOD and linear range for
fluorometric detection of Cr(VI) are comparable to those for most of the methods listed in
Table 3 for CDs from both sustainable,? 8 39 74-76 gnd synthetic carbon sources.”” 7® The
estimated ultralow LOD of 0.07 nM (0.036) ppb reported by Avila et al.** using FCDs from the

pyrolysis of an avocado seed powder at 600 °C is much lower than those for the current
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method. However, the linear range (30 - 200 uM), while wider, is significantly higher thaf far
our method. In another study, Mandal®*® and co-workers used FCDs from garlic peels to
quantify Cr(VI), in the range, 7 - 100 uM (364 - 5200 ppb), declaring an LOD value of 91.5
ppb, which is higher than that of our fluorometric quenching method. The LODs and linear
ranges for Cr(VI) by the FCDs derived from Tulsi leaves,33 lemon peels,’? pineapple juice,* and
winter-sweet flowers 61, all synthesised hydrothermally show close variability between them,
reflecting the dependence of these parameters on the carbon sources. Most of the LOD values
for Tulsi leaves (4.50 ppb), lemon peels (3.80 ppb), pineapple juice (2.70 ppb) and winter-
sweet flowers (3.64 ppb), slightly better than the estimated value of 5.9 ppb by our method.

The synthesised S, N-CDs from avocado seeds showed high accuracy in the analysis of Cr(VI)-
spiked and positive check samples. Its performance was similar to that of the HGSIA
absorption method, making the dual monitoring and quantitative analysis of Cr(VI) possible.
The major drawback of this method is its lack of specificity due to similar responses towards
Mn(VII) ions. Surprisingly, this FLUOR quenching method has slightly poorer and higher
detection limits than those for the newly developed HGSIA Cr(VI) method. This emphasises
the higher sensitivity of the S, N-CDs towards Cr(VI) when used as pseudo-derivatising

reagents for the HGSIA absorption method.
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Figure 8. (A) Overlaid quenching emission spectra of 8.3 mg/L of S, N-FCDs upon titrating with

different concentrations (20 - 1500 ppb) of Cr,07 (Cr(VI)). (B) Linear calibration (Stern-

Volmer) plot of (F/Fo) vs [Cr207] (20 - 1500 ppb).
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Table 3. Comparison of CD-based fluorescence quenching methods for detegting G s
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quantitative analysis of Cr(VI).

Carbon Precursor  Method of Stern-Volmer Linear LOD, ppb Ref.
for CDs detection equation. Range, ppb (nM)
(Synthetic (R?) (uM) (uM)
Method)
Avocado seeds = Fluorescence  y=6.529x103 1560 - 0.036 ppb 44
(Pyrolysis at quenching [Cr(VI)] + 1.31. 10400 ppb (0.07 nM)
600 °C) (0.9954) 30-200 UM (7x10°5 M)
Lemon peel Fluorescence y= 130 -2600 3.8 ppb 3
(Hydrothermal) quenching 0.1024[Cr(VI)] + ppb (73 nM)
0.4573. 25-50 uMm (0.073 um)
(0.9542)
Pineapple juice Fluorescence ns 0-936 ppb 2.70 ppb 43
(Hydrothermal) qguenching (0.9956) 0-18 uM (5.1 nMm)
(5.1x10"* pM)
Tulsi leaves Fluorescence  y=0.19197 + 83 - 2600 4.5 ppb 33
(Hydrothermal) quenching 1.0632. ppb (8.6 nM)
(0.9973) 1.6-50 uM  (0.0086 uM)
Chrome shavings  Fluorescence y=2.29x10 0 - 13000 72.8 ppb >8
(Hydrothermal) quenching 3[Cr(VI)] + ppb (1400 nMm)
1.346x103 0-250 uMm (1.4 um)
(0.992)
Flowers of Fluorescence y=6x103[Cr(VI)] 5.2-3120 3.64 ppb 61
winter-sweet quenching +0.175 ppb (70 nM)
(Hydrothermal) (0.994) 0.1-60 uM (0.07 um)
Citric acid and Fluorescence ns 26 - 2600 3.80 ppb 7
urea quenching (0.9974) ppb 73 nM
(Hydrothermal) 0.5-50 uM  (0.073 uM)
Garlic peel Fluorescence ns 364 - 5200 95.2 ppb >9
(Hydrothermal) quenching (0.9942) ppb (1830 nM)
7 -100 uM (1.83 uMm)
Longan peel and  Fluorescence y=3.11x10 1040 - 72.8 ppb 60
ethylenediamine 3[Cr(VI)] + 1.008 10400 ppb (1400 nMm)
(Hydrothermal) (0.9919) 20- 200 uM (1.4 um)
Avocado Seeds  Fluorescence y =1.3x10 20- 1500 5.9 ppb This
(Hydrothermal) Quenching 3[Cr(v1)] + ppb (113 nM) work
1.0982. 0.38-28.8  (0.113 uM)
(0.9885) um

Ns = not specified

3.4.3.3 Cr,07# (Cr(VI)) analysis in spiked river water sample and dichromate-contaminated

laboratory effluent (a positive control sample) using the FLUOR quenching method.
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Real water samples from the uMsunduzi River and laboratory wastewater contamjpated With o7
Cr,07%* were spiked at two concentration levels of 20 and 200 ppb Cr(VI1), and their intensities
were measured by applying the fluorescence quenching calibration equation. The water
sample vyielded an indiscernible fluorescence quenching signal, indicating that the
concentration was below the detection limit. The water sample was then spiked at two
concentration levels as performed for the HGSIA method. The absorbances of spiked samples
(20 and 200 ppb Cr(VI) in S, N-FCDs/ river water) were measured at 420 nm. The recovery
values (%) were found to be 89% and 94% at each spiked level and are presented in Table 4.
The FLUOR quenching method has good recoveries, although they are lower than those of
the HGSIA method. However, they are comparable to those of ICP-OES (Fig. $13). The positive
control sample, which was contaminated with Cr(VI), was also analysed using the FLUOR
guenching method, which showed a much lower concentration than that of HGSIA, which was
found to be 412 ppb. This makes the HGSIA method relatively more specific for Cr(VI),

resulting in better recoveries and accuracy than the FLUOR quenching method.

Table 4. Recoveries of Cr,07 ions in the uMsunduzi River and quantitative positive control

(laboratory effluent) using the FLUOR quenching method.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 4:49:38 AM.

[Cr.07%], ppb % %RSD (N = 3)
Added Measured Recovery
uMsunduzi River 20 17.8 89% 4.7
water
200 188.9 94% +1.2
8 Lab effluent - 412 +53

3.5 Possible Cr(VI) sensing mechanism using S, N-CDs (FLUOR quenching method).

There are numerous possible mechanisms by which the FLUOR of these green S, N-FCDs can
be quenched by metal ions such as Cr(VI) ions. We have just demonstrated that the selective
and enhanced absorption (HGSIA) method between the Cr(VI)-S, N-CDs is based on the host-
guest interactions between the functional groups of the latter and the Cr(VI) ions. The larger
steering dipolar moment in the adducts causes an enhanced absorbance and a slight red shift.
This increases the sensitivity of the absorption method towards Cr(VI) ion compared to the

calorimetric method for the same analyte. By the same interaction effects, it means upon
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excitation of the S, N-CDs in the presence of Cr(VI) ions, the fluorescence of the former is
guenched by the enhanced absorption of the Cr(VI) due to the overlap in the emission and
absorption bands. The quenching phenomenon is called the Inner Filter Effect (IFE) and has
been widely reported in the literature for the selective detection of Cr(VI) or other metal ions.
37,42, 43,45, 46,56, 79-84 The inner filter effect and the dipolar interaction manifest in an increase
in the zeta potential before and after mixing the S, N-FCDs with Cr(VI), as discussed for the
HGSIA (vide supra). Addition of the highly electropositive and highly oxidised Cr(VI) ions to
the S, N-FCDs with a net surface potential of -5.66 (+0.07) mV increases the potential to 4.22
(£0.05) mV, triggering an inner filter (absorption) effect on the mixture, which also quenches
the FLUOR of the CDs. Thus, the somewhat overlapping mechanisms of Cr(VI) sensing by the
FLUOR quenching and HGSIA methods are illustrated in the two schematic analytical sensing
routes for Cr(VI) shown in Scheme 2. The absorption/emission band overlap is described in
the PL decay plots shown in Fig. S12C. The resultant inner filter (self-FLUOR quenching by
enhanced absorption) is, by implication, the primary mechanism by which these neo-
derivatising FCDs selectively sense the Cr(VI). As depicted in Fig. 7C, the addition of Cr(VI) to
the CDs shortens their fluorescence lifetime as depicted in the increased curvature of the
decay plot. At the same time, the emission intensity for the S, N-FCDs is decreased. Both
changes characteristics of quenching of the CD emission by an IFE, induced by the dynamic
interactions between the Cr(VI) and the donor groups of the CDs, as also reported in other
studies3” 44 46, 85The IFE accounts for the enhanced molar absorptivity of the charge transfer
bands that are exploited for the sensitive detection and quantitative analysis of Cr(VI) in the
HGSIA mode, making dual mode detection possible. Moreover, the SEM image of the S, N-
FCDs mixed with 20 pL of 0.5 mg/L Cr(VI) (Fig. S2) appears as a smooth, diffuse grey image
(possibly due to the reduced emission brightness of the CDs) compared to the S, N-FCDs
alone. The host-guest interactions of Cr(VI) on the donor groups on the FCDs enhance the
inner filtering and quenching of the FLUOR emission of the host, thereby dimming the
brightness contrast in the SEM measurement. Because the absorption of the guest Cr(VI) ions
in S N-CDs is by the enhanced surface interactions (the HGSIA method), it quenches the FLUOR
by the same margin. Thus, the effect of the Cr(VI) on the emissive states of functional groups
is similar to what was reported for Fe(lll).8¢ Another plausible mechanism for FLUOR
guenching is CD aggregation-induced quenching, similar to what has been proposed for
qguenching by Fe(ll) ions.8* As the concentration of the Cr(VI) (quenching ions) increases, it
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induces surface charge neutralisation and ultimate aggregation and coalescence that,rapidhy,

extinguish the emissive state of the FCDs.

marmal TV-light
ligh! (365 mim

x50 4nik 1 i S5 i
Worvoength {nmj Jomal 375 misd )

Avocado seed CDs
CD =Carbon dots

b0 451 E0d A0 GB0 afn Tl TSD RE0
Winelengeh inm} e, {420 i §

Spectroscopic monitoring

Scheme 2. Possible sensing mechanisms of the S, N-CDs with Cr,07 via the HGSIA and FLUOR
quenching methods, the latter depicting the Inner filter effect as a possible sensing

mechanism.

4. Conclusions

In this study, two quantitative methods for Cr(VI) based on enhanced absorption and
fluorescence quenching have been developed and validated for the quantitative analysis of
chromium(VI) ions using avocado seed-derived carbon quantum dots (S, N-CDs) as pseudo-
derivatising reagents. The S, N-CDs selectively detect Cr(VI) by the enhanced absorption at
Cr(VI)’s charge transfer band (Amax = 375 nm) as well as by fluorescence quenching at 420 nm.
For both modes, Mn(VIl) ions strongly interfere with the Cr(VI) detection. At pH 9, the
enhanced absorption method showed a linear correlation with the [Cr(VI)] range of 0.5 - 1500
ppb, yielding estimated LOD and LOQ values of 0.14 ppb and 0.49 ppb, respectively. The green
fluorescence of the S, N-CDs is also selectively quenched by the Cr(VI) ions and Mn(VII) ions.
The quenching of the S, N-CDs fluorescence linearly varied with the [Cr(VI)] concentration in
the range of 20 - 1500 ppb, yielding estimated LOD and LOQ of 5.9 and 25 ppb from replicated

analysis of the CDs as a reagent blank. Both methods showed good recovery (89 - 99 %) for
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ppb levels of Cr(VI1) spiked in uMsunduzi River water samples. The methods could detegt CEVIN 6174

in a laboratory waste sample (positive control) with good comparability and accuracy
compared to the ICP-OES result. Thus, these two methods, employing the S, N-FCDs derived
from avocado seeds as pseudo-sensing reagents, can be used for the quantitative detection
of Cr(VI) ions at the ppb levels, surpassing conventional calorimetric detection of Cr(VI) after

derivatisation.
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